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HYBRID TRANSPONDER SYSTEM FOR
LONG-RANGE SENSING AND 3D
LOCALIZATION

RELATED APPLICATIONS

This application is related to U.S. patent application Ser.
No. 13/093,963, filed on Apr. 26, 2011, titled “METHOD OF
EMPEOYING AND USING A HYBRID TRANSPONDER
SYSTEM FOR LONG-RANGE SENSING AND 3D
LOCALIZATION,” incorporated by reference in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates in general to the field of
hydrocarbon production, and in particular, to methods related
to mapping the size and shape of hydraulic fractures in hydro-
carbon reservoirs.

2. Description of the Related Art

Hydraulic fractures are frequently employed to improve
reservoir contact and production rates in the oil and gas indus-
try. Hydraulic fracturing has been used for over 60 years in
more than one million wells. Hydraulic fracture stimulation is
commonly applied to wells drilled in low permeability reser-
voirs. An estimated 90% of the natural gas wells in the United
States use hydraulic fracturing to produce gas at economic
rates. Successful hydraulic fracturing is generally considered
vital for economic production of natural gas from shale beds
and other ‘tight gas’ plays.

A hydraulic fracture is formed by pumping a fluid into the
wellbore at a rate sufficient to increase the pressure downhole
to a value in excess of the fracture gradient of the formation
rock. The pressure causes the formation to crack, allowing the
fracturing fluid to enter and extend the crack further into the
formation. To keep this fracture open after the injection stops,
a solid proppant is added to the fracture fluid. The proppant,
which is commonly sieved round sand or other porous mate-
rial, is carried into the fracture. This sand is chosen to be
higher in permeability than the surrounding formation, and
the propped hydraulic fracture then becomes a high perme-
ability conduit through which the formation fluids can flow to
the well.

Determining the size and orientation of completed hydrau-
lic fractures is quite difficult, expensive, and inaccurate.
Accordingly, the inventors have recognized that improved
means are sorely needed. Existing methods which employ
tiltmeters or microseismic detectors are used despite their
limitations because some information, even imperfect infor-
mation is valuable. Tiltmeter arrays, deployed on the surface
or down a well, for example, provide a technology for moni-
toring the fracture geometry. The tiltmeters measure the hori-
zontal gradient of the vertical displacement with great preci-
sion (up to one nanoradian), and an array of tiltmeters
properly situated over a reservoir can be used to extract the
surface deformation that is taking place because of processes
occurring deep underground. With microseismic monitoring
microseismic activity is measured by placing an array of
geophones in a nearby wellbore or at the surface. By mapping
the location of small seismic events that are associated with
the growing hydraulic fracture during the fracturing process,
the approximate geometry of the fracture can be inferred. The
microseismic monitoring relies upon the detection of indi-
vidual microseismic events associated with discrete fracture
opening events, which can be located in three dimensions by
triangulation, which is based on comparing acoustic arrival
times at various sensors in a receiver array.
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The distance that rock faces are separated during a hydrau-
lic fracture is called the fracture width. Practical fracture
widths range from about one millimeter up to about one
centimeter. The sands, or similar materials, are used to “prop”
open hydraulic fractures are, therefore, typically about one
millimeter in diameter or less. Accordingly, recognized by the
inventors is that there exists some significant physical con-
straints on mapping devices which would be deployed within
a hydraulic fracture. For example, recognized by the inven-
tors is that any transponders to be used for mapping hydraulic
fractures and reservoir parameters must be able to physically
fit into the fracture, not just adjacent the opening, but deeply
therein, and therefore, should not be not more than about one
millimeter in at least one dimension, to help ensure passage.

The use of conventional radio-frequency identification
(RFID) transponders was explored. RFID is atechnology that
uses communication via electromagnetic waves to exchange
data between a terminal and an object such as a product,
animal, or person for the purpose of identification and track-
ing Some tags can be read from several meters away and
beyond the line of sight of the reader. RFID involves readers
(also known as interrogators) and transponders (also known
as tags). Most RFID tags contain two primary components.
The first is an integrated circuit for storing and processing
information, modulating and demodulating a radio-fre-
quency (RF) signal, and other specialized functions. The sec-
ond is an antenna for receiving and transmitting the signal.
There are three types of RFID tags: passive RFID tags, which
have no power source and require an external electromagnetic
field to initiate a signal transmission; active RFID tags, which
contain a battery and can transmit signals once an external
source (Interrogator’) has been successfully identified; and
battery assisted passive (BAP) RFID tags, which require an
external source of sufficient power to “wake up” the tag and
have significant higher forward link capability providing a
greater range than that of purely passive tags.

In general, the read range of typical passive RFID systems
is limited to a few meters. In principal, the antenna size and
power of the RF field of the reader can be increased arbi-
trarily. This will increase the range for transmitting energy to
passive tags and will increase the read range somewhat by
increasing the sensitivity of the readers’ antenna. Recognized
by the inventors, however, is that even under ideal conditions,
only approximately 30 meters would be achievable. Ideal
conditions, however, are seldom the norm. Also recognized
by the inventors is that such arbitrary scaling on the transpon-
der side would not generally be possible for tags that would be
required to fit through open hydraulic fractures, and thus,
would face significant size limitations, especially in applica-
tions where the form factor is especially constrained. To fully
map hydraulic fractures a read range on the order of 100
meters or so is required. Accordingly, recognized by the
inventors is the need for methods and systems which provide
transponders or tags that are small enough to be deployed
through open or opening hydraulic fractures and which have
a communication range with a reader-interrogator of up to
100 meters or more when deployed within a hydraulic frac-
ture of a reservoir.

SUMMARY OF THE INVENTION

In view of the foregoing, various embodiments of the
present invention advantageously provide systems and meth-
ods for determining a size, extent, and orientation a hydraulic
fracture of a reservoir, conventional and unconventional,
which provides transponders or tags that are small enough to
be deployed through open or opening hydraulic fractures and



US 9,062,539 B2

3

which have a communication range with a reader-interrogator
of up to 100 meters or more. Various embodiments of the
present invention include systems and methods which are
employed such that the position of a given transponder can be
determined by recording its response (or lack thereof) due to
changes in the position and/or orientation of the reader
antenna (e.g., having a non-isotropic antenna radiation pat-
tern) performed systematically, recording time-of-arrival of a
reader signal transmitted from different locations, analyzing
differences in acoustic signal time-of-arrival of a return signal
at the reader, and/or by varying the amount of power trans-
mitted by the reader to RFID transponders. Advantageously,
such methodologies can exploit the directionality and range
of RF power transmitted by the reader to selectively activate,
e.g., hybrid RFID transponders based on their physical loca-
tion.

More specifically, an example of an embodiment of a sys-
tem to determine a size, extent, and orientation of a hydraulic
fracture of a reservoir, includes a plurality of transponders
(tags) each configured to be carried by a fluid into a hydraulic
fracture of a reservoir, and a reader dimensioned to be
deployed within a wellbore to receive and process acoustic
return signals to thereby determine the location of each of the
transponders, map the position of each transponder, and
determine the size, extent, and/or orientation of a hydraulic
fracture of the reservoir. According to an example embodi-
ment of the system, the system can include an RF antenna
assembly including an RF antenna, an RF transmitter oper-
ably coupled to the RF antenna and configured to transmit an
RF signal to each of the plurality of transponders deployed
within the reservoir, and at least one, but more typically at
least a pair of spaced apart acoustic receivers configured to
receive acoustic return signals from each of the plurality of
transponders deployed within the reservoir, which together
with at least one, but more typically a substantial plurality of
transponders each containing an RF receiver and an acoustic
transmitter, form a system useful for mapping the size and
shape of natural or hydraulic fractures in a geologic medium.

According to an exemplary configuration, the reader is to
be disposed within a wellbore. As such, the dimensions of the
reader are such as to allow disposition in the wellbore, which
is nominally cylindrical, with an inner diameter ranging from
two to eight inches. The position of the reader RF transmitter
and acoustic receiver elements of the reader are preferably
positioned independent of one another. The RF transmitting
antenna is preferably directional and may be both translated
axially and rotated radially within the wellbore. Transmitters
and receivers include appropriate control, decoder and power
supply means. RF fields from the reader can be used to trans-
mit power and/or instructions to the transponders.

Each of the transponders typically contain various circuits
including a passive radiofrequency identification circuit
including an RF antenna, and an acoustic transmitter config-
ured to transmit an acoustic signal such as, for example, and
acoustic return signal provided in response to an interrogation
and/or control signal from the reader. These “hybrid” tran-
sponders, when operationally employed, are disposed in the
fracture, having been placed there by being carried along in a
fluid injected into the fracture. As such, the dimensions of
each transponder are such as allow disposition within the
fracture, typically one millimeter or less in one dimension
(thickness) and one to ten centimeters or less along the other
dimensions (width and length). Each transponder is prefer-
ably built up on a flexible electric circuit substrate to allow
traversal within the individual fissures. The transponders may
optionally be provided with sensor means (external or inter-
nal) to measure reservoir parameters in-situ (e.g. salinity,
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local dielectric constant, temperature, pressure, etc.). The
transponders generate an acoustic signal when powered by
the RF field and optionally when instructed to do so. The
range and position of a transponder relative to a reader may be
determined using triangulation to the acoustic signals
received by the reader, adjusting the RF power transmitted
from the reader or varying the position or orientation of the
RF transmitter, or a combination thereof. The transponders
are preferably supplied with an RF demodulator and a digital
control circuit allowing the receiver to control a given tran-
sponder. Example instructions include entering a quiescent
state (do not transmit) and transmitting if a measured value is
equal to a certain level. Also, optimal performance of this
system can be enhanced by the utilization of battery assis-
tance. A thin film battery, for example, may be added to each
transponder without adversely affecting its overall dimen-
sions. The assistance of the battery can advantageously
enhance optimal performance of the overall system.

According to an exemplary embodiment of the system, the
three dimensional position of a given transponder can be
determined from its ability to respond based upon the position
and orientation of the reader’s RF antenna, as well as the
amount of power transmitted, along with the arrival times of
its returned acoustic signal at the reader’s acoustic receivers.
Correspondingly, the reader can be configured so that the
power of the reader can be adjusted arbitrarily, and/or the
operating frequency of the system can be changed to optimize
antenna efficiency and detection range of the transponders.
Also, a reflector can be added to the reader antenna to direct
the RF energy (and read sensitivity) in one direction, making
the response pattern asymmetric.

As such, after placing transponders in the fracture, the
reader antenna can be manipulated in space (translation and
rotation within the wellbore) and the transmission power can
be adjusted to determine the response of each transponder.
The vertical/axial location of the transponder can be deter-
mined, for example, from the center of affirmative response as
the antenna is translated vertically/axially along the wellbore.
The radial position (bearing) of the transponder can similarly
be determined, for example, by the center of positive response
as the antenna is rotated or panned within the wellbore. The
distance (range) from the transponder to the wellbore can be
determined, for example, from either the radial response pat-
tern or by decreasing the reader transmit power until the
transponder fails to return a signal, using a previously cali-
brated power-range response table or other model.

Various embodiments of the present invention also include
methods for determining a size, extent, and orientation of a
hydraulic fracture of a reservoir (conventional and unconven-
tional). A method, for example, can include the steps of
inserting a plurality of transponders into a fluid (e.g., typically
a liquid containing hydraulic fracturing proppant), injecting
the fluid carrying the transponders through casing perfora-
tions and at least one fracture aperture in a wellbore and into
a hydraulic fracture, actuating each of the transponders by a
reader to provide an, e.g., acoustic, return signal to the reader,
determining a three-dimensional position of each of the tran-
sponders, e.g., with reference to the reader, mapping the
location of the each of the transponders, and determining
characteristics of the hydraulic fracture responsive to the
three-dimensional position of each of the plurality of tran-
sponders. The method can be implemented utilizing a reader
including an RF transmitter and at least one, but more typi-
cally at least a pair of acoustic receivers along with at least
one, but more typically a substantial plurality of transponders
each containing an RF receiver and an acoustic transmitter,
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which together form a system useful for mapping the size and
shape of natural or hydraulic fractures in a geologic medium.

Conceptually, various embodiments of the present inven-
tion advantageously capitalize upon the strengths of RFID tag
systems and the strengths of sub-sea transponder/beacon sys-
tems to form a hybrid system which overcomes the weak-
nesses inherent to both systems. Advantageously, various
embodiments of the present invention provide methods and
systems for mapping the shape of hydraulic fractures within a
reservoir, for example, by determining the location of each of
aplurality of transponders disposed within the hydraulic frac-
ture. Notably, where conventional approaches for determin-
ing the position of RF transponders (e.g. automobile tracking
devices and/or cellular telephones, etc.) use relative signal
power received at a plurality of receivers, or an RF signal
time-of-arrival at the plurality of receivers. Such conventional
systems make assumptions including assumptions that the
interrogator is fixed in position and orientation, while the
transponders may be mobile. Advantageously, embodiments
of the present invention include methods and systems which
are employed such that the position of a given transponder can
be determined by recording its response (or lack thereof)
when the position and/or orientation of the reader antenna
(e.g., having a non-isotropic antenna radiation pattern) is
changed, systematically, and/or by varying the amount of
power transmitted by the reader to RFID transponders.
Advantageously, such methodologies can exploit the direc-
tionality and range of RF power transmitted by the reader to
selectively activate, e.g., hybrid, RFID transponders based on
their physical location.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the features and advantages of
the invention, as well as others which will become apparent,
may be understood in more detail, a more particular descrip-
tion of the invention briefly summarized above may be had by
reference to the embodiments thereof which are illustrated in
the appended drawings, which form a part of this specifica-
tion. It is to be noted, however, that the drawings illustrate
only various embodiments of the invention and are therefore
not to be considered limiting of the invention’s scope as it
may include other effective embodiments as well.

FIG. 1A is a schematic diagram of the system architecture
of'a system for determining a size, extent, and orientation of
a hydraulic fracture of a reservoir according to an embodi-
ment of the present invention;

FIG. 1B is a schematic diagram of a hybrid reader within a
wellbore according to an embodiment of the present inven-
tion;

FIG. 1C is a schematic diagram including partial perspec-
tive view of a hybrid reader in communication with a hybrid
transponder according to an embodiment of the present
invention;

FIG. 2 is a perspective view of a hybrid reader according to
an embodiment of the present invention;

FIG. 3 is a perspective view of a hybrid transponder
according to an embodiment of the present invention;

FIG. 4 is an environmental view of the hybrid reader and
hybrid transponder of FIGS. 2 and 3 illustrating communica-
tions therebetween within the reservoir;

FIG. 5 is a graphical representation of a signal structure
including RF transmission and an acoustic return signal
according to an embodiment of the present invention;

FIG. 6 is a graphical representation of a thermal-acoustic
device carried by the hybrid transponder of FIG. 3 according
to an embodiment of the present invention;
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FIG. 7 is a graphical representation of a thermal-acoustic
device carried by the hybrid transponder of FIG. 3 according
to an embodiment of the present invention;

FIG. 8 is a graphical representation of a mesh network
communication scheme between transponders according to
an embodiment of the present invention;

FIGS. 9A-9B provide a schematic flow diagram illustrat-
ing steps associated with determining a size, extent, and ori-
entation of a hydraulic fracture of a reservoir according to an
embodiment of the present invention; and

FIGS. 10A-10B is a schematic flow diagram illustrating
steps associated with determining a size, extent, and orienta-
tion of a hydraulic fracture of a reservoir according to an
embodiment of the present invention.

DETAILED DESCRIPTION

The present invention will now be described more fully
hereinafter with reference to the accompanying drawings,
which illustrate embodiments of the invention. This invention
may, however, be embodied in many different forms and
should not be construed as limited to the illustrated embodi-
ments set forth herein. Rather, these embodiments are pro-
vided so that this disclosure will be thorough and complete,
and will fully convey the scope of the invention to those
skilled in the art. Like numbers refer to like elements through-
out. Prime notation, if used, indicates similar elements in
alternative embodiments.

Various embodiments of the present invention relate to the
use of the principles of radio-frequency identification (RFID)
technology to map the shape of hydraulic fractures. The posi-
tion of one or more transponders can be localized in three
dimensions relative to a reader installed in a wellbore. The
transponders are carried along in a fluid injected into the
hydraulic fracture being examined. After deployment, the
three dimensional position of each transponder in relation to
the RF antenna of the deployed reader can be determined
from its ability to respond to an interrogation signal at certain
reader RF antenna positions and orientations, its relative posi-
tion with respect to acoustic receivers, and/or based upon the
amount of RF power required to be transmitted in order to
actuate the transponder. The reader or a separate computer
can record the transponder’s response (or lack thereof) due to
changes in the position and/or orientation of the reader’s
antenna (e.g., having a non-isotropic antenna radiation pat-
tern) performed systematically, record time-of-arrival of an
acoustic return signal precipitated by an interrogation signal
transmitted from different locations, analyze differences in
acoustic signal time-of-arrival of a return signal at the reader,
and/or by varying the amount of power transmitted by the
reader to transponders. Beneficially, such methodologies can
exploit the directionality and range of RF power transmitted
by the reader to selectively activate, e.g., hybrid, RFID tran-
sponders based on their physical location.

As perhaps best shown in FIGS. 1A-1C, a system 30 for
determining a size, extent, and orientation of a hydraulic
fracture 21 of a reservoir 23 typically including multiple
fissures 25, as known to those skilled in the art, is provided.
The system 30 can include a fracture mapping computer 31
having a processor 33, memory 35 coupled to the processor
33 to store software and database records therein, and a user
interface 37 which can include a graphical display 39 for
displaying graphical images, and a user input device 41 as
known to those skilled in the art, to provide a user access to
manipulate the software and database records. Note, the com-
puter 31 can be in the form of a personal computer or in the
form of a server or server farm serving multiple user inter-
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faces 37 or other configuration known to those skilled in the
art. Accordingly, the user interface 37 can be either directly
connected to the computer 31 or through a network 38 as
known to those skilled in the art.

The system 30 can also include a database (not shown)
stored in the memory 35 (internal or external) of fracture
mapping computer 31 and having data indicating required
signal strength in relation to travel distance such as, for
example, in the form of a calibrated power-range response
table (not shown). Such data can be provided for a plurality of
preselected frequencies in relation to various rock formation
types-in situ hydrocarbons, expected to be encountered in a
reservoir being analyzed.

The system 30 can also include fracture mapping program
product 51 stored in memory 35 of the fracture mapping
computer 31 and adapted to provide control and position
signals to a reader deployment assembly 61 (see, e.g., FIG.
1A) and a transponder reader/interrogator 63 (see, e.g., FIG.
2) and to analyze return signals from one or more transpon-
ders 65 (see, e.g., FIG. 3). Note, the fracture mapping pro-
gram product 51 can be in the form of microcode, programs,
routines, and symbolic languages that provide a specific set
for sets of ordered operations that control the functioning of
the hardware and direct its operation, as known and under-
stood by those skilled in the art. Note also, the fracture map-
ping program product 51, according to an embodiment of the
present invention, need not reside in its entirety in volatile
memory, but can be selectively loaded, as necessary, accord-
ing to various methodologies as known and understood by
those skilled in the art.

As shown in FIGS. 2 and 3, the system 30 also includes at
least onereader 63 (FIG. 2) and one or more preferably hybrid
transponders 65 (FIG. 3). According to an embodiment of the
present invention, the reader 63 includes a housing 71 sized
and configured to allow placement within the wellbore 27.
The housing 71 has a generally cylindrical shape with an
outer diameter of less than between 5 cm to 20 cm, depending
upon the inner diameter of the wellbore 27. Other configura-
tions are, however, within the scope of the present invention.

The reader 63 typically includes/contains a communica-
tions module 73 including at least an RF transmitter and at
least one acoustic receiver circuit. Alternatively, the RF trans-
mitter and acoustic receiver circuits can be separate units
and/or can be located at the surface. The reader 63 also typi-
cally includes at least one, but more typically a pair of acous-
tic receivers 75, such as, for example, a pair of hydrophones.
The acoustic receivers 75 are typically spaced apart in order to
selectively “triangulate” the location of each transponder 65
as shown, for example, in FIG. 4, by analyzing differences in
the times-of-arrival of a return signal 77 transmitted by the
respective transponder 65 in response to a reader interroga-
tion signal 79, as shown, for example, in FIGS. 4 and 5. The
reader 63 also includes an antenna assembly 81 including a
directional antenna 83 and an antenna motor 85. The reader
63 also includes control, decoder, modulation, and/or power
supply means as known to those skilled in the art. Note,
although illustrated as two separate acoustic return signals in
FIG. 5, one ordinary skill in the art would understand that the
illustrated acoustic return signals R1, R2 are as a result of the
same signal 77 emanating from transponder 65, but having
two different arrival times due to an axial spacing differential
between acoustic receivers 75 and the transponder 65 of inter-
est. The different axial spacing between the axial location of
each acoustic receiver 75 and the axial location of the tran-
sponder 65 results in a different physical distance from the
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transponder 65 to each acoustic receivers 75, and thus, a
corresponding difference in arrival times (t2) between the
two receivers 75.

The system 30 also includes the reader deployment assem-
bly 61 configured to deploy the reader 63 within the wellbore
27 and to selectively translate the reader RF antenna 83 (and,
e.g., hydrophones 75) axially along a main axis of the well-
bore 27 and to selectively activate one or more of the plurality
of transponders 65 to thereby isolate the respective one or
more transponders 65. The reader deployment assembly 61 is
also configured to provide a communications link between
the reader 63 and surface equipment when operably deployed
within the wellbore 27. According to an exemplary configu-
ration, the reader deployment assembly 61 includes an elec-
trically actuated spool 87 containing a deployment cable 89
for providing control and/or data signals between the fracture
mapping computer 31 and the onboard reader controller, and
for translating the reader 63 along the main axis of the well-
bore 27. According to an exemplary configuration, deploy-
ment cable 89 can include various forms of communication
media as known to one of ordinary skill in the art. Alterna-
tively, wireless communication media can be employed, ren-
dering it unnecessary to have cable 89 include any form of
communication media. Further alternatively, the reader 63
can be deployed using other means including, for example,
drilling pipe, etc., with or without a direct “cable” communi-
cation medium.

According to an exemplary configuration, the fracture
mapping computer 31 can function as or take the form of a
controller configured in software and/or hardware to perform
various operations/control functions to include initiating
rotation of the reader RF antenna 83 to selectively activate
one or more transponders 65, identifying an approximate
center of positive response of each respective transponder 65
responsive to rotation of the antenna 83, and determining an
approximate azimuth/bearing of each respective transponder
65, e.g., in relation to a reference point or plane (not shown)
associated with the reader 63.

The operations can also or alternatively include analyzing
data indicating at least portions of the acoustic signal 77
received by at least one of the acoustic receivers 75, deter-
mining an approximate travel time of acoustic signal, and
responsively determining an approximate range of the respec-
tive emitting transponder 65. Note, range is typically defined
as the distance between a reference point or plane and a
corresponding point or plane associated with the location of
the transponder 65. Note also, in the exemplary configuration,
Tl encodes the range and T2 encodes the azimuth.

The operations can also or alternatively include analyzing
data indicating at least portions of an acoustic return signal
from the respective transponder 65 received by a first of the
pair of acoustic receivers 75, determining an approximate
travel time of the acoustic return signal, identifying an
approximate range of the respective emitting transponder 65,
analyzing data indicating at least portions of the acoustic
return signal from the respective emitting transponder
received by a second of the pair of acoustic receivers 75,
determining an approximate travel time of the acoustic return
signal received by the second of the pair of acoustic receivers
75, and identifying the approximate axial location of the
respective transponder 65.

The operations can also or alternatively include translating
the reader RF antenna 83 and/or reader 63 axially along the
main axis of the wellbore 27 to thereby cause actuation of the
respective transponder 65 (i.e., via positioning the antenna 83
so that the radiation pattern is within range of the transponder
65), identifying an approximate center of affirmative
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response of the respective transponder 65 and determining the
approximate axial location of each respective transponder 65,
for example, with respect to a reference location along the
main axis of the wellbore 27.

Note, although described as being implemented by fracture
mapping computer 31, one of ordinary skill in the art would
recognize that the reader controller function and software
components can be distributed or shared between the fracture
mapping computer 31, the reader’s onboard processor/con-
troller components, or a third dedicated controlling device
(not shown).

As shown in FIG. 3, each transponder 65 typically includes
a body or substrate 91 containing or carrying a controller
circuit module 93 including portions of an RF receiver or
transceiver circuit, a demodulation circuit, a power supply
circuit, and a digital control or logic circuit. Note, although
illustrated as a single module, one of ordinary skill in the art
would understand that such circuit or circuits can be imple-
mented together or separately in hardware and/or to some
extent in software. The controller circuit module 93 (e.g.,
portions of the digital control circuit) are operably coupled an
RF antenna 95 for receiving command and/or power signals
from the reader 63, and an acoustic transmitter 97 for provid-
ing an acoustic signal having a sufficient range to reach the
reader 63 using onboard power available.

To enhance provision of the acoustic signal, each transpon-
der 63 can be in the form of what is referred to as a battery
assisted transponder. Accordingly, such transponders 65 can
include an additional onboard power source 99, for example,
in the form of a large capacitor or battery, operably coupled to
the acoustic transmitter 97 and configured to store energy to
provide a power assist to the acoustic transmitter circuit.

According to the exemplary configuration, acoustic trans-
mitters 97 are employed to increase the interrogate-read
range of the transponders 65, reducing congestion and
increasing range by allowing use of a different communica-
tion channel for the return signal having a much larger range
capability than an RF transmission from a transponder 65 of
the same power capability. According to an embodiment of
the present invention, such acoustic signals can traverse kilo-
meters of rock, enabling long range communications with
transponders 65 in the subs-surface environment. Note, a
transponder having a 30 mm disk shaped antenna and a 23
mm cylindrical transponder were tested using a reader having
a 80 mm disk shaped antenna and were found to provide an
RF response signal limited to approximately 16 cm.

According to the exemplary implementation, the acoustic
transmitters 97 typically comprise one or more acoustic trans-
ducers that convert electrical signals into and/or from acous-
tic energy into rock. Rocks ofinterest are generally somewhat
porous and fluid-filled, either water or oil, but may be filled
with gas. As such, exemplary transducers, though similar in
function to loudspeakers and microphones, are preferably
optimized for operation in fluids or fluid-filled rock. Piezo-
electric transducers provide an example of a transducer suit-
able for miniaturization and low power operation needed for
employment of hybrid-RFID transponders 65 to be deployed
in hydraulic fractures.

As shown in FIGS. 6 and 7, respectively, two examples of
thermo-acoustic devices that have been determined to be
suitable for realizing miniaturized hybrid RFID transponders
65 include “thin film heater-type” and “carbon nanotube
membrane-type” devices 101, 102. Both such devices can
exploit an electrically driven thermal pulse from a low-mass,
low thermal conductivity to rapidly heat a working fluid and
generate a pressure wave. The thin film heater-type device
101, for example, can employ a thin film heater 103 to actu-
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ally boil surrounding fracturing or hydrocarbon fluid to create
a high pressure (e.g., >10 MPa) bubble that ejects a drop of
fluid 105 from an appropriately shaped vessel 107. Similarly,
new carbon nanotubes membranes 111 of the nanotube
device 102 are electrically heated to create pressure waves to
generate useful acoustic signals.

According to an exemplary configuration, the digital con-
trol or logic circuit 93 (see, e.g., FIG. 3) can be configured to
receive commands from a reader 63 and to selectively control
a state of the transponder 65. The various states of the tran-
sponder 65 can include an active state and a quiescent (sleep)
state. According to an embodiment of the transponder 65, the
digital control circuit 93 is also or alternatively configured to
determine a power level of a received command signal and
cause the acoustic transmitter 97 to transmit an acoustic
return signal 77 when the power level of the interrogation
signal 79 received from the reader 63 is at or above a prede-
termined power level and to enter the quiescent state when the
power level of the portion of the signal 79 received from the
reader 63 drops to or below a predetermined power level.
According to an alternative embodiment, the different states
can be controlled via specific commands encoded in the sig-
nal 79 received from the reader 63.

According to an embodiment of the present invention,
controller circuit module 93 can also include various sensors
(not shown) as known to those of ordinary skill in the art
configured to measure reservoir parameters in situ, such as,
for example, solidity, local dielectric constant, temperature,
and pressure. Note, one of ordinary skill in the art would
recognize that the sensors can be integral with controller
circuit module 93 or positioned on a separate portion of
substrate 91.

As noted above, “hybrid-RFID” transponders 65 can be
used for mapping hydraulic fractures 21 and reservoir param-
eters. To do so, however, transponders 65 need to be sized and
shaped to be able to physically fit into the fissures 25 of the
hydraulic fracture 21. As such, transponders 65 should gen-
erally not be more than about one millimeter long in at least
one dimension, in order to travel along with reservoir agents/
proppant 28 through casing perforations 29 and associated
apertures or fissures 25. Ideally, transponders 65 will be round
in shape to facilitate transport in the fracture fluid during
injection. Transponders 65, however, may have an elongated
or planar shape as shown in FIG. 3. If non-spherical, the
transponders should be less than about one centimeter in a
second dimension to facilitate transport through the casing
perforations and the fracture aperture at the wellbore 27.
Further, if non-spherical, transponders 65 should further be
somewhat flexible to allow transport through non-planar frac-
tures and over rock surfaces, which can be expected to be
rough.

In operation, RF fields generated from the reader 63 and
directed through rotation of the antenna 83 are used to trans-
mit power and/or instructions to the transponders 65. Respon-
sively, the transponders 65 can automatically generate an
acoustic return signal 77 when powered by the RF field and
optionally generate the acoustic return signal 77 when
instructed to do so by the reader 63. The range and position of
a transponder 65 relative to a reader 63 may be determined
using triangulation to the acoustic return signal 77 received
by the reader 63 as shown, for example, in FIG. 4, by adjust-
ing the RF power transmitted from the reader 63 (RF antenna
83), and/or varying the position or orientation of the reader
RF antenna 83. Note, in order to identify specific transpon-
ders 65 and to prevent interference with other transponders
65, the acoustic return signal can include a transponder code
and/or time delay data indicating that amount of randomly
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generated or sequentially generated time delay implemented
prior to transmit the acoustic return signal 77.

FIG. 5 illustrates a basic communication signal structure
for communication between a single reader 63 and a single
transponder 65. As shown in the figure, an RF transmission
pulse 79 of predetermined/preselected duration is transmitted
by the reader 63. A receiving transponder 65 responsively
returns acoustic return signal 77 which can have different
arrival times between reader acoustic receivers 75. For
example, for the uppermost transponder 65 positioned in
relation to reader 63 as shown in FIG. 4, the upper acoustic
receiver 75 will receive the acoustic return signal 77 first,
providing range data based on the amount of time between RF
transmission and acoustic signal return. The lower acoustic
receiver 75 will receive the acoustic signal at a later time. The
time differential T2 between arrival time at the upper acoustic
receivers 75 and the lower receiver 75 signal can then be used
to triangulate the position of the transponder 65.

FIG. 8 illustrates an alternative embodiment whereby the
transponders 65 are configured to form a mesh network 121
and to communicate/relay timing data back to the reader 63 so
that the reader 63 can utilize the relative position of in-range
transponders 65 to further determine the position of out-of-
range transponders 65 that are out of range of the reader 63,
but in range with other transponders 65, using similar prin-
ciples described with respect to reader 63.

FIGS. 9A-9B provide a high-level flow diagram illustrat-
ing various selected operations with respect to the fracture
mapping program product 51 and/or associated method steps
for determining a size, extent, and orientation of a hydraulic
fracture 21 of a reservoir 23 according to an embodiment of
the present invention. The steps/operations can include insert-
ing a plurality of transponders 65 into an, e.g., hydraulic
fracturing fluid (block 201), injecting the fluid carrying the
transponders 65 (and, e.g., proppants 28) into the individual
fissures 25 of the hydraulic fracture 21 through one or more
casing perforations 29 associated with wellbore 27 (block
203), and deploying within the wellbore 27 a reader 63 spe-
cifically dimensioned to be deployed within the wellbore 27
(block 205). The reader 63 can include a communications
module 73 containing an RF transmitter and at least one
acoustic receiver circuit (see FIG. 2).

The steps/operations can also include the reader 63 selec-
tively actuating each of the transponders 65 to cause them to
provide an acoustic return signal to the reader 63 (block 207).
According to an exemplary configuration, the antenna 83 of
the reader 63 is rotated about an axis approximately parallel
with the axis of the wellbore 27 where the reader 63 is located
(block 209) to thereby selectively activate a subset of one or
more of the transponders 65, with the others located outside
the primary portions of the radiation pattern of the antenna 83
remaining unactivated. According to an exemplary configu-
ration, to accomplish the selective activation, each transpon-
der 65 can be set to actuate responsive to receiving portions of
the radiofrequency signal 79 at or above a preselected thresh-
old power level (block 210), with a remainder of the transpon-
ders 65 receiving the radiofrequency signal 79 ata level below
the threshold radiofrequency signal power level remaining
unactivated.

As shown in FIG. 4, for example, the acoustic receivers 75
of'the reader 63 receive at least portions of the acoustic return
signal 77 from the respective transponder 65 when actuated
(block 211). By rotating or panning the antenna 83 about its
main axis (e.g., parallel with the axis of the wellbore 27), the
reader 63 and/or computer 31 can determine the limits of
where the antenna 83 fails to provide sufficient energy to the
respective transponder 65 to actuate the transponder 65. The
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approximate center of such positive response from the respec-
tive transponder 65 can then be identified, which can provide
an approximate azimuth or bearing of the respective tran-
sponder 65 (block 213).

In response to receiving the acoustic return signal from a
transponder 65, the reader and/or computer 31 can determine
or otherwise identify an approximate travel time of the signal
to thereby determine an approximate range of each respective
transponder 65 (block 215). In order to determine an approxi-
mate axial location of the transponder 65 with respect to a
reference location along the main axis of the wellbore 27, the
antenna 83 of the reader 63 can be translated along the axis of
the wellbore 27 normally in short increments adjacent the
expected location of the transponders 65 in order (block 217)
to identify an approximate center of affirmative response,
which approximates the axial location of the respective tran-
sponder 65 (block 219).

For readers 63 having two or more spaced apart acoustic
receivers 75, the steps/operations can also or alternatively
include determining an approximate travel time of portions of
the acoustic return signal 77 received by one of the pair of
acoustic receivers 75 to thereby identify an approximate
range of the respective transponder (block 221), determining
an approximate travel time of portions of the acoustic return
signal 77 received by the other of the pair of acoustic receivers
75 (block 223), and analyzing a time differential between the
approximate travel time of the acoustic return signal to the
first and the second of the pair of acoustic receivers 75 to
thereby determine the approximate axial location of each
respective transponder 65 with respect to a reference location
along the main axis of the wellbore 27 (block 225). Note, in
this configuration, it is assumed that the acoustic return signal
77 is effectively omnidirectional at least with respect to the
acoustic receivers 75, particularly if the acoustic transmitter
97 is fixed in relation to the main body of the transponder 65.

For both exemplary configurations, the range, bearing/azi-
muth, and axial location provide for the reader 63 and/or
computer 31 data sufficient to perform the steps/operations of
determining a three-dimensional position of the respective
transponder 63 (block 227), mapping (conceptually or liter-
ally) the location of each of the transponders 65, and deter-
mining an extent and orientation of the hydraulic fracture 21
(block 230).

FIGS. 10A-10B provides a high-level flow diagram illus-
trating various selected operations with respect to the fracture
mapping program product 51 and/or associated method steps
for determining a size, extent, and orientation of a hydraulic
fracture 21 of a reservoir 23 according to another embodiment
of the present invention. The steps/operations can also
include inserting a plurality of transponders 65 into an, e.g.,
hydraulic fracturing fluid (block 251), injecting the fluid car-
rying the transponders 65 into the individual fissures 25 of the
hydraulic fracture 21 through a wellbore 27 (block 253), and
deploying a reader 63 within the wellbore 27 (block 255).

The steps/operations can also include the reader 63 selec-
tively actuating each of the transponders 65 to cause them to
provide an acoustic return signal 77 to the reader 63 (block
261), typically one subset at a time. According to an exem-
plary configuration, the antenna 83 of the reader 63 is rotated
about an axis approximately parallel with the axis of the
wellbore 27 where the reader 63 is located (block 263) to
selectively activate a subset of one or more of the transpon-
ders 65, with the others located outside the primary portions
of the radiation pattern of the antenna 83 remaining unacti-
vated. The steps/operations can also include an acoustic
receiver 75 of the reader 63 receiving portions of the acoustic
return signal 77 from the respective transponder 65 when
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actuated (block 265). The steps/operations can also include
identifying an approximate center of positive response of the
respective transponder 65 responsive to rotation/panning of
the antenna 83 to thereby determine an approximate azimuth
of the respective transponder 65 (block 267).

The steps/operations can also include the reader 63 and/or
computer 31 systematically adjusting the reader transmission
power level of the radiofrequency signal 79 to thereby selec-
tively activate each respective transponder 65 receiving por-
tions of the radiofrequency signal 79 at or above a threshold
radiofrequency signal power level (block 271), with a remain-
der of the transponders 65 receiving portions of the radiofre-
quency signal 79 at a level below the threshold radiofre-
quency signal power level remaining unactivated. The steps/
operations can also include systematically decreasing reader
transmit power until the respective transponder 65 (after
being activated) fails to return the acoustic return signal 77
(block 273), and comparing the reader transmission power
level required to maintain actuation of the respective tran-
sponder 65 to a previously calibrated power-range response
model or table (not shown) to thereby determine an approxi-
mate range of the respective transponder 65 (block 275).

The steps/operations can also include deploying or other-
wise translating the antenna 83 of the reader 63 axially along
amain axis of the wellbore 27 (block 281), and for each of the
plurality of transponders 65, performing the steps/operations
of receiving at least portions of an acoustic return signal 77
from the respective transponder 65 when actuated (block
283), identifying an approximate center of affirmative
response of the respective transponder 65 responsive to trans-
lation of the antenna 83 to thereby determine the approximate
location of the respective transponder 65 with respect to a
reference location along a main axis of the wellbore 27 (block
285). Having determined the range, azimuth, and location for
each of the transponders 65 along the wellbore 27, the three-
dimensional position of each of the transponders 65 can be
determined (block 287). Further, by mapping the location of
each transponder 65, the extent and orientation of the hydrau-
lic fracture 21 can further be determined (block 289).

It is important to note that while the foregoing embodi-
ments of the present invention have been described in the
context of a fully functional system and process, those skilled
in the art will appreciate that the mechanism of at least por-
tions of the present invention and/or aspects thereof are
capable of being distributed in the form of a computer read-
able medium in a variety of forms storing a set of instructions
for execution on a processor, processors, or the like, and that
embodiments of the present invention apply equally regard-
less of the particular type of media used to actually carry out
the distribution. Examples of the computer readable media
include, but are not limited to: nonvolatile, hard-coded type
media such as read only memories (ROMs), CD-ROMs, and
DVD-ROMs, or erasable, electrically programmable read
only memories (EEPROMs), recordable type media such as
floppy disks, hard disk drives, CD-R/RWs, DVD-RAMs,
DVD-R/RWs, DVD+R/RWs, HD-DVDs, memory sticks,
mini disks, laser disks, Blu-ray disks, flash drives, and other
newer types of memories, and certain types of transmission
type media such as, for example, digital and analog commu-
nication links capable of storing the set of instructions. Such
media can contain, for example, both operating instructions
and the operations instructions related to the program product
51, and the computer executable portions of the method steps
according to the various embodiments of a method of deter-
mining a size, extent, and orientation of a hydraulic fracture
23 of a reservoir 21, described above. Accordingly, an
embodiment of the present invention can include a computer
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readable medium that is readable by a computer, e.g., fracture
mapping computer 31 and/or onboard controller of the reader
63, to perform various functions for mapping hydraulic frac-
tures and reservoir parameters.

This application is related to U.S. patent application Ser.
No. 13/093,963, flied on Apr. 26, 2011, titled “METHOD OF
EMPLOYING AND USING A HYBRID TRANSPONDER
SYSTEM FOR LONG-RANGE SENSING AND 3D
LOCALIZATION,” incorporated by reference in its entirety.

In the drawings and specification, there have been dis-
closed a typical preferred embodiment of the invention, and
although specific terms are employed, the terms are used in a
descriptive sense only and not for purposes of limitation. The
invention has been described in considerable detail with spe-
cific reference to these illustrated embodiments. It will be
apparent, however, that various modifications and changes
can be made within the spirit and scope of the invention as
described in the foregoing specification.

That claimed is:
1. A system to determine a size, extent, and orientation of
a hydraulic fracture of a reservoir, the system comprising:

a plurality of transponders each configured to be carried by
a fluid into a hydraulic fracture of a reservoir, each
transponder comprising a substrate carrying:
an RF receiver antenna configured to receive radiofre-

quency (RF) signals comprising a command RF sig-
nal,
an acoustic transmitter configured to transmit an acous-
tic return signal, and
a control circuit operably coupled to the RF antenna and
to the acoustic transmitter and configured:
to receive the command RF signal through the RF
receiver antenna,
to selectively control a state of the acoustic transmitter
of the respective transponder in response thereto,
to determine a power level of the received command
RF signal,
to transmit the acoustic return signal from the acoustic
transmitter when the power level of the received
command signal is at or above a predetermined
power level thereby to define an active state, and
to enter a quiescent state when the power level of the
received command signal drops below the prede-
termined level,
a reader dimensioned to be deployed within a wellbore, the
reader comprising:
an RF antenna assembly including an RF antenna,
an RF transmitter operably coupled to the RF antenna
and configured to transmit the command RF signal or
command RF signals to the plurality of transponders
deployed within the reservoir, and

at least one acoustic receiver configured to receive
acoustic return signals from the plurality of transpon-
ders deployed within the reservoir; and

a reader controller, a computer controller, or both the
reader controller and the computer controller defining
one or more controllers configured to perform the opera-
tions of:
initiating rotation of the reader RF antenna of the reader

to actuate one or more of the plurality of transponders,
identifying an approximate center of positive response
for each of the one or more of the plurality of tran-
sponders responsive to receiving the respective
acoustic return signal therefrom,
determining an approximate azimuth of the one or more
of the plurality of transponders,
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repeating performing the operations of causing the rota-
tion of the RF antenna of the reader and identifying an
approximate center of positive response for each of
one or more other of the plurality of the transponders
until determining the approximate azimuth for each of
the plurality of transponders,

determining a three-dimensional position of each of the
plurality of transponders responsive to determining
the approximate azimuth of each of the plurality of
transponders, and

determining characteristics of the hydraulic fracture
responsive to the determining the three-dimensional
position of each of the plurality of transponders.

2. A system as defined in claim 1, wherein the command RF
signal transmitted by the reader comprises an RF power and
control signal, and wherein the control circuit is a digital
control circuit.

3. A system as defined in claim 1, wherein a direct signal
communication range capability between the reader and each
of' the plurality of transponders and a direct signal communi-
cation range capability between each of the plurality of tran-
sponders and the reader each substantially exceed 30 meters
to provide for determining the three dimensional position of
transponders that have traveled to outer limits of the fracture.

4. A system as defined in claim 1, wherein each transponder
is a power assisted passive RF transponder, each transponder
further comprising:

a power source configured to store energy to provide a
power assist to the acoustic transmitter responsive to a
control signal received from the reader; and

wherein at least a subset of the plurality of transponders are
configured to maintain transmission of the respective
acoustic return signal for a predetermined duration
responsive to an actuation instruction from the reader
received through the RF antenna of the respective tran-
sponder.

5. A system as defined in claim 1, wherein each transponder

further comprises an acoustic receiver.
6. A system as defined in claim 1, wherein each transponder
further comprises:
an RF demodulator; and
at least one sensor configured to measure reservoir param-
eters in situ, the parameters including solidity, local
dielectric constant, temperature, and pressure.
7. A system as defined in claim 1, wherein the reader RF
antenna is a directional antenna, wherein the reader RF
antenna assembly includes a motivator configured to rotate
the RF antenna of the reader when deployed within the well-
bore, and wherein:
the one or more controllers being individually or collec-
tively configured to perform the operations of:
the initiating of the rotation of the reader RF antenna to
selectively activate the one or more of the plurality of
transponders defining a subset of the plurality of tran-
sponders with a remainder of the plurality of tran-
sponders located outside an extent of primary por-
tions of a corresponding RF radiation pattern
remaining unactivated,

the identifying of the approximate center of positive
response for each of the one or more of the plurality of
transponders responsive to rotation of the antenna and
responsive to the receiving the respective acoustic
return signal, and

the determining of the approximate azimuth of each
respective transponder therefrom.

8. A system as defined in claim 1, wherein the at least one
acoustic receiver comprises a single acoustic receiver
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employed to receive the respective return signal from each of
the plurality of transponders, the system further comprising:
the one or more controllers being individually or collec-
tively configured to perform for each of the plurality of
transponders, the operations of:
causing transmission of the command RF signal or sig-
nals,
analyzing data indicating at least portions of the respec-
tive acoustic return signal received by the acoustic
receiver of the reader from a respective transponder of
the plurality of transponders,
determining an approximate travel time of the at least
portions of the acoustic return signal received by the
acoustic receiver referenced to a transmission refer-
ence of a respective one of the command RF signal or
signals, and
determining an approximate range of the respective tran-
sponder therefrom.

9. A system as defined in claim 1, wherein the at least one
acoustic receiver comprises an associated pair of axially
spaced apart acoustic receivers, the system further compris-
ing:

the one or more controllers being individually or collec-

tively configured to perform for each of the plurality of

transponders, the operations of:

causing transmission of the command RF signal or sig-
nals,

analyzing data indicating at least portions of the acoustic
return signal received from the respective transponder
by a first of the pair of acoustic receivers at a first
time-of-arrival of the acoustic return signal,

determining an approximate travel time of the at least
portions of the acoustic return signal received by the
first of the pair of acoustic receivers referenced to a
transmission reference of a respective one of the com-
mand RF signal or signals,

analyzing data indicating at least portions of the acoustic
return signal from the respective transponder received
by a second of the pair of acoustic receivers received
at a second time-of-arrival of the acoustic return sig-
nal,

determining an approximate travel time of the at least
portions of the acoustic return signal received by the
second of the pair of acoustic receivers referenced to
the transmission reference of the respective one of the
command RF signal or signals,

identifying an approximate range of the respective tran-
sponder, and

identifying an approximate axial location of the respec-
tive transponder with respect to a main axis of the
wellbore at a location of the reader.

10. A system as defined in claim 1, wherein the at least one
acoustic receiver comprises a single acoustic receiver
employed to receive the respective return signal from each of
the plurality of transponders, the system further comprising:

a reader deployment assembly configured to deploy the

reader within the wellbore and to translate the reader RF

antenna axially along a main axis of the wellbore; and

wherein the one or more controllers are individually or

collectively configured to perform for each of transpon-

der of a subset of the plurality of transponders, the opera-

tions of:

translating the reader RF antenna and the at least one
acoustic receiver axially along the main axis of the
wellbore to thereby cause actuation of the respective
transponder,
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identifying an approximate center of affirmative
response of the respective transponder responsive to
translation of the reader RF antenna, and
determining the approximate axial location of each
respective transponder with respect to a reference
location along the main axis of the wellbore.
11. A system to determine a size, extent, and orientation of
a hydraulic fracture of a reservoir, the system comprising:
aplurality of transponders each configured to be carried by
a fluid into a hydraulic fracture of a reservoir, each
transponder comprising a substrate carrying:
an RF receiver antenna configured to receive radiofre-
quency (RF) signals,
a digital control circuit, and
an acoustic transmitter configured to transmit an acous-
tic return signal;
areader dimensioned to be deployed within a wellbore, the
reader comprising:
an RF antenna assembly including an RF antenna,
an RF transmitter operably coupled to the RF antenna
and configured to transmit an RF signal to each ofthe
plurality of transponders deployed within the reser-
voir, and
at least one acoustic receiver configured to receive
acoustic return signals from each of the plurality of
transponders deployed within the reservoir,
the acoustic transmitter of at least a subset of the plurality
of transponders comprise a thermo-acoustic device
comprising a thin film heater configured to boil an envi-
ronmental fluid in contact with the respective transpon-
der when deployed within the reservoir to thereby form
a pressure wave defining the respective acoustic return
signal, the environmental fluid comprising one or more
of the following: a hydrocarbon fluid stored in the res-
ervoir and the fluid employed to carry the respective
transponder into the reservoir; and
a control circuit operably coupled to the RF antenna and to
the acoustic transmitter and configured:
to receive the command RF signal through the RF
receiver antenna,
to control selectively a state of the acoustic transmitter of
the respective transponder in response thereto,
to determine a power level of the received command RF
signal,
to transmit the acoustic return signal from the acoustic
transmitter when the power level of the received com-
mand signal is at or above a predetermined power
level thereby to define an active state,
and to enter a quiescent state when the power level of the
received command signal drops below the predeter-
mined level.
12. A system to determine a size, extent, and orientation of
a hydraulic fracture of a reservoir, the system comprising:
aplurality of transponders each configured to be carried by
a fluid into a hydraulic fracture of a reservoir, each
transponder comprising a substrate carrying:
an RF receiver antenna configured to receive radiofre-
quency (RF) signals,
a digital control circuit, and
an acoustic transmitter configured to transmit an acous-
tic return signal;
areader dimensioned to be deployed within a wellbore, the
reader comprising:
an RF antenna assembly including an RF antenna,

5

10

15

20

25

30

40

45

50

55

60

18

an RF transmitter operably coupled to the RF antenna
and configured to transmit an RF signal to each of the
plurality of transponders deployed within the reser-
voir, and

at least one acoustic receiver configured to receive
acoustic return signals from each of the plurality of
transponders deployed within the reservoir,

the acoustic transmitter of at least a subset of the plurality
of transponders comprising a thermo-acoustic device
comprising a plurality of carbon nanotube membranes
configured to be electrically heated to boil an environ-
mental fluid in contact with the respective transponder
when deployed within the reservoir to thereby form a
pressure wave defining the respective acoustic return
signal, the environmental fluid comprising one or more
of the following: a hydrocarbon fluid stored in the res-
ervoir and the fluid employed to carry the respective
transponder into the reservoir; and

a control circuit operably coupled to the RF antenna and to
the acoustic transmitter and configured:
to receive the command RF signal through the RF

receiver antenna,

to control selectively a state of the acoustic transmitter of
the respective transponder in response thereto,

to determine a power level of the received command RF
signal,

to transmit the acoustic return signal from the acoustic
transmitter when the power level of the received com-
mand signal is at or above a predetermined power
level thereby to define an active state, and

to enter a quiescent state when the power level of the
received command signal drops below the predeter-
mined level.

13. A system to determine a size, extent, and orientation of

a hydraulic fracture of a reservoir, the system comprising:

a plurality of power assisted transponders each configured
to be carried by a fluid into a hydraulic fracture of a
reservoir, each transponder comprising a substrate car-
rying:
aradiofrequency (RF) receiver configured to receive RF

signals, the RF receiver including an RF antenna,
an acoustic transmitter configured to transmit an acous-
tic return signal,
a power source operably coupled to the acoustic trans-
mitter and configured to store energy to provide a
power assist to the acoustic transmitter responsive to
a command RF signal received from a reader, and
a digital control circuit operably coupled to the RF
antenna and to the acoustic transmitter and config-
ured:
to receive the command RF signal from the reader
through the RF antenna,

to selectively control a state of the acoustic transmitter
of the respective transponder in response thereto,

to determine a power level of the received command
RF signal,

to transmit the acoustic return signal from the acoustic
transmitter when the power level of the received
command signal is at or above a predetermined
power level thereby to define an active state, and

to enter a quiescent state when the power level of the
received command signal drops below the prede-
termined level.

14. A system as defined in claim 13,

wherein the power source comprises one or more of the
following: a battery and a capacitor; and
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wherein at least a subset of the plurality of transponders are
configured to maintain transmission of the respective
acoustic return signal for a predetermined duration
responsive to an actuation instruction from the reader
received through the RF antenna of the respective tran-
sponder.

15. A system as defined in claim 13,

wherein the acoustic transmitter of at least a subset of the
plurality of transponders comprise a thermo-acoustic
device comprising a thin film heater configured to boil
an environmental fluid in contact with the respective
transponder when deployed within the reservoir to
thereby form a pressure wave defining the respective
acoustic return signal, the environmental fluid compris-
ing one or more of the following: a hydrocarbon fluid
stored in the reservoir and the fluid employed to carry the
respective transponder into the reservoir.

16. A system as defined in claim 13,

wherein the acoustic transmitter of at least a subset of the
plurality of transponders comprise a thermo-acoustic
device comprising a plurality of carbon nanotube mem-
branes configured to be electrically heated to boil an
environmental fluid in contact with the respective tran-
sponder when deployed within the reservoir to thereby
form a pressure wave defining the respective acoustic
return signal, the environmental fluid comprising one or
more of the following: a hydrocarbon fiuid stored in the
reservoir and the fluid employed to carry the respective
transponder into the reservoir.

17. A system as defined in claim 13,

wherein the transponder substrate is a flexible substrate;
and

wherein each transponder is dimensioned to be deployed
within the hydraulic fracture, each transponder having a
maximum thickness of approximately 1 mm, a maxi-
mum width of approximately 1 cm, and a maximum
length of between approximately 1 cm and 10 cm.

18. A system to determine a size, extent, and orientation of

a hydraulic fracture of a reservoir, the system comprising:

a reader configured to be deployed within a wellbore, the
reader comprising:

an RF antenna assembly including an RF antenna,

an RF transmitter operably coupled to the RF antenna
and configured to transmit a command RF signal or
signals to each of a plurality of transponders deployed
within hydraulic fractures in the reservoir, and

at least one acoustic receiver configured to receive
acoustic return signals from each of the plurality of
transponders deployed within the hydraulic fractures
within reservoir;

a reader deployment assembly configured to deploy the
reader within the wellbore and to selectively translate
the reader RF antenna axially along a main axis of the
wellbore to selectively activate an acoustic transmit-
ter of each of one or more of the plurality of transpon-
ders in response to the command RF signal or signals
to thereby isolate the respective one or more transpon-
ders, and to provide a communications link between
the reader and surface equipment when operably
deployed within the wellbore; and

a digital control circuit operably coupled to the RF
antenna and to the acoustic transmitter and config-
ured:
to receive the command RF signal from the reader

through the RF antenna,
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to control selectively a state of the acoustic transmitter
of the respective transponder in response thereto,
and

to determine a power level of the received command
RF signal,

to transmit the acoustic return signal from the acoustic
transmitter when the power level of the received
command signal is at or above a predetermined
power level thereby to define an active state, and

to enter a quiescent state when the power level of the
received command signal drops below the prede-
termined level.

19. A system as defined in claim 18,

wherein the reader is dimensioned to be deployed within

the wellbore, the reader having a maximum diameter of
between approximately 5 cm and 20 cm; and

wherein a direct signal communication range capability

between the reader and each of the plurality of transpon-
ders and a direct signal communication range capability
between each of the plurality of transponders and the
reader each substantially exceed 30 meters to provide for
determining the three dimensional position of transpon-
ders that have traveled to outer limits of the fracture.

20. A system as defined in claim 18, wherein the reader RF
antenna is a directional antenna, wherein the reader RF
antenna assembly is configured to rotate the RF antenna ofthe
reader when deployed within the wellbore, and wherein the
system further comprises:

one or more controllers being individually or collectively

configured to perform the operations of:

initiating rotation of the reader RF antenna to selectively
activate one or more of the plurality of transponders
defining a subset of the plurality of transponders with
a remainder of the plurality of transponders located
outside an extent of primary portions of a correspond-
ing RF radiation pattern remaining unactivated,

identifying an approximate center of positive response
for each of the one or more of the plurality of tran-
sponders responsive to rotation of the antenna, and

determining an approximate azimuth of each respective
transponder.

21. A system as defined in claim 18, wherein the at least one
acoustic receiver comprises a single acoustic receiver
employed to receive the respective return signal from each of
the plurality of transponders, the system further comprising:

one or more controllers being individually or collectively

configured to perform for each of the plurality of tran-

sponders, the operations of}

causing transmission of the command RF signal or sig-
nals,

analyzing data indicating at least portions of an acoustic
return signal received by the acoustic receiver of the
reader from the respective transponder,

determining an approximate travel time of the at least
portions of the acoustic return signal received by the
acoustic receiver referenced to a transmission refer-
ence of a respective one of the command RF signal or
signals, and

determining an approximate range of the respective tran-
sponder therefrom responsive thereto.

22. A system as defined in claim 18, wherein the at least one
acoustic receiver comprises an associated pair of axially
spaced apart acoustic receivers, the system further compris-
ing:

one or more controllers being individually or collectively

configured to perform for each of the plurality of tran-
sponders, the operations of:
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causing transmission of the command RF signal or sig-
nals,

analyzing data indicating at least portions of the acoustic
return signal received from the respective transponder
by a first of the pair of acoustic receivers at a first
time-of-arrival of the acoustic return signal,

determining an approximate travel time of the at least
portions of the acoustic return signal received by the
first of the pair of acoustic receivers referenced to a
transmission reference of a respective one of the com-
mand RF signal or signals,

responsively identifying an approximate range of the
respective transponder,

analyzing data indicating at least portions of the acoustic
return signal from the respective transponder received
by a second of the pair of acoustic receivers received
at a second time-of-arrival of the acoustic return sig-
nal,

determining an approximate travel time of the at least
portions of the acoustic return signal received by the
second of the pair of acoustic receivers referenced to
the transmission reference of the respective one of the
command RF signal or signals, and
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responsively identifying an approximate axial location
of the respective transponder with respect to a main
axis of the wellbore at a location of the reader.

23. A system as defined in claim 18, wherein the at least one
acoustic receiver comprises a single acoustic receiver
employed to receive the respective return signal from each of
the plurality of transponders, the system further comprising:

one or more controllers being individually or collectively

configured to perform for each of transponder of a subset

of the plurality of transponders, the operations of:

translating the reader RF antenna and the at least one
acoustic receiver axially along the main axis of the
wellbore to thereby cause actuation of the respective
transponder,

identifying an approximate center of affirmative
response of the respective transponder responsive to
translation of the reader RF antenna, and

determining the approximate axial location of each
respective transponder with respect to a reference
location along the main axis of the wellbore respon-
sive to the determined center of affirmative response.
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